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Abstract: Grain size and precipitations affect the strength and ductility of
ultrafine-grained materials. In this study, aluminum alloy 6061 sheets were fabricated
using the accumulative roll bonding (ARB) technique. The ARB-processed sheets
were subsequently subjected to cryorolling and asymmetric cryorolling. The sheets
were further aged at 100C for 48 hours. Mechanical tests show that a combination of
asymmetric cryorolling and ageing results in significant improvement in both the
ductility and the strength of the ARB-processed sheets. The microstructures of the
sheets at different stages of the process were also analyzed using optical microscopy,
scanning electron microscopy, transmission electron microscopy and X-ray diffraction
in order to correlate the mechanical properties with the microstructure.
Keywords: Aluminum alloy 6061 sheet; accumulative roll bonding; asymmetric
cryorolling; ageing; mechanical properties
1. Introduction
High strength and high ductility of ultrafine-grained (UFG) materials have attracted
increasing attention in recent times [1-3]. A number of severe plastic deformation
(SPD) techniques have been developed to fabricate bulk UFG materials. The most
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widely used techniques include equal channel angular pressing (ECAP) [4, 5], high
pressure torsion (HPT) [6,7], accumulative roll bonding (ARB) [8-10], asymmetric
rolling (AR) [11,12] and cryorolling (CR) [13, 14]. Among these techniques, ARB,
AR and CR can be applied to produce UFG sheets. Asymmetric cryorolling (ACR)
[15] is a technique that combines features of AR and CR, and is used to develop UFG
materials. ACR is characterized by an additional shear deformation in the rolling
deformation zone, compared to CR.
Deformation at cryogenic temperature is one of the main mechanisms leading to
improvement in both strength and ductility of UFG materials as well as (i) narrow
grain size distribution, (ii) bi-modal structure, (iii) gradient structure, (iv)
nanotwinned structure, (v) transformation-induced enhancement of ductility, (vi)
tailoring of the stacking fault energy via alloying and (vii) precipitation-hardened
alloy [3]. The higher strength of samples subjected to cryogenic deformation is seen
to result from grain refinement and suppression of dynamic recovery. On the other
hand, the higher ductility of samples subjected to cryogenic deformation is attributed
to the change in (i) the fraction of high-angle boundaries, (ii) the density of
pre-existing deformation twins [16] and (iii) the density of dislocations [17]. Shi et al
[17] found that dislocations in some special configurations are movable, which
prevents localized shear deformation and contributes to the improved ductility of
CR-processed Zr. Recently, Yu et al [18] found that simultaneous grain growth and
grain refinement appear in CR-processed UFG Cu sheets, which results in a high-true
failure strain of 1.5. A number of studies on CR-processed UFG Al have reported
good ductility of the materials [19-21]. Immanuel and Panigrahi [19] found that CR
resulted in break up and uniform distribution of coarse acicular eutectic particles in
the Al matrix, elimination of casting porosity, microstructural refinement and
significant accumulation of dislocation density. This resulted in great improvement in
the strength (248%) and the ductility (37%) of a cast Al-Si alloy. There have been
some investigations which show that additional processing of the specimens produced
using the above techniques can further improve the mechanical properties of UFG

metals. Biswas et al [22] studied the effect of subsequent rolling on the microstructure
and texture of ECAP-processed pure Mg. The grain size of the samples after ECAP
was reduced to 12 ~ 18 m, and subsequent rolling led to a mean grain size 8 ~ 10 m
with the basal texture fiber parallel to the normal direction. Hajizadeh and Eghbali [23]
studied the microstructure and mechanical properties of ECAP-processed commercial
pure Ti during subsequent CR with a 35% reduction in thickness. After 10 passes of
ECAP, a UFG structure with average grain size of 213 nm was achieved with mainly
equiaxed grains. Subsequent CR led to further refinement and decreased the grain size
to 114 nm with lamellar structure and higher dislocation density. Ma et al [24] used
HPT followed by rolling to develop high strain hardening and ductility in
coarse-grain/nanostructure laminate materials. Yu et al [25, 26] found that both the
ductility and the strength of ARB-processed pure aluminum foils could be improved
by subsequent AR. The effect of subsequent cold rolling on the thermal stability of
ARB-processed Al-Fe-Mn-Si foils was investigated by Homola et al [27]. They found
that the samples subjected to ARB followed by cold rolling went through continuous
recrystallization. Yu et al [28] studied the evolution of the microstructure and the
mechanical properties of ARB-processed pure Al sheets subjected to CR. The mean
grain size of 460 nm after the third ARB pass could be reduced to 290 nm after two
CR passes, amounting to a total reduction of 80%. However, to the best of the authors’
knowledge, there have been no reports on the effect on the microstructure evolution of
UFG materials subjected to subsequent ACR and ageing.
Aluminum
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precipitation-hardenable Al-Mg-Si alloys. This alloy has many desirable properties
such as medium strength, formability, weldability, corrosion resistance and low cost
compared to other Al alloys [29, 30]. Previous research [8-10] has shown that
ARB-processed AA6061 sheets have excellent mechanical properties. In the present
study, ARB-processed AA6061 sheets were subjected to subsequent CR and ACR
separately. Both were then aged at 100C for 48 h. The mechanical properties and
microstructure evolution of the sheets were analyzed.

2. Experimental Investigation
In this study, commercial AA6061 sheets of thickness 1.5 mm were used. Before
rolling, the sheets were fully annealed. Fig. 1 shows a schematic diagram of rolling
processes. The sheets were first subjected to five ARB passes in succession. The
thickness of the ARB-processed sheets was further reduced to 0.5 mm by CR and
ACR separately on a multifunction roll mill having 50 mm diameter work rolls.
Before CR and ACR, the ARB-processed sheets were cooled by liquid nitrogen for 10
min. The ratio (upper roll rolling speed/ lower roll rolling speed) was 1.0 for CR and
1.4 for ACR. Finally, the (ARB + CR) - processed and (ARB + ACR) - processed
sheets were aged at 100C for 48 hours, which was chosen to achieve excellent
mechanical properties [29, 30]. After ARB, some edge cracks were observed in the
AA6061 sheets. These edge cracks were trimmed before CR/ACR processing, and
were not observed to reappear during the CR/ACR processing.
Fig. 1. Schematic diagram of sheet rolling processes. Step 1: Five ARB passes;
Step 2: Reduction of the thickness of sheets to 0.5 mm using CR or ACR
The engineering stress-strain curves of the samples after annealing, ARB, (ARB +
CR), (ARB + CR + ageing), (ARB + ACR) and (ARB + ACR + ageing) were
obtained using an INSTRON machine with an initial strain rate of 1.0×10-3 s-1. The
micro-hardness of the samples was measured with a Vickers hardness tester using a
load of 5 g and a dwell time of 12 s. The fracture surface of the samples after the
tensile test was observed using a high- performance field emission scanning electron
microscope (FESEM) on a Carl Zeiss AURIGA workstation. The microstructure of
the fully annealed sample was inspected using optical microscopy. The
microstructures of the samples subjected to ARB, (ARB + CR), (ARB + CR + ageing),
(ARB + ACR) and (ARB + ACR + ageing) were investigated using a transmission
electron microscope (TEM). The TEM images were obtained in transverse direction
(TD), in the plane of rolling direction (RD) and the normal direction (ND). A GBC
MMA X-ray diffractometer (XRD) with Cu Kα radiation (λ = 1.5418 Å) was used to
measure the phase diffraction profiles of the samples after (ARB + CR), (ARB + CR

+ ageing), (ARB + ACR) and (ARB + ACR + ageing).
3. Results
Fig. 2(a) shows the engineering stress-strain curves of the samples after annealing,
ARB, (ARB + CR), (ARB + CR + ageing), (ARB + ACR), and (ARB + ACR +
ageing) respectively. Compared to the ‘annealed-only’ sheet, the strength of the
ARB-processed sheet was increased to 380 MPa, which was further increased to 437
MPa after CR and 454 MPa after ACR. The subsequent ageing resulted in a slight
increase in the tensile strength for the rolled sheets. Fig. 2(b) shows the
micro-hardness of the samples after different processes. For the annealed sample, the
micro-hardness is only 39, which increases to 94 after ARB processing. After
subsequent CR and ageing processes, the micro-hardness was increased to 108 and
116 respectively. When subjected to subsequent ACR and ageing, the micro-hardness
increased to 111 and 119, respectively.
Fig. 2. (a) Engineering stress-strain curves and (b) micro-hardness of samples
after different processes.
From Fig. 2(a), it can be seen that the ductility of the sheets increases after (ARB +
CR), (ARB + CR + ageing), (ARB + ACR), and (ARB + ACR + ageing), compared to
the ductility of the sheets after ARB only. The sheets after (ARB + ACR + ageing)
have the maximum ductility. Fig. 3 shows the SEM images of the fracture surfaces of
the samples after the tensile tests. For the (ARB + CR) - processed samples, the
fracture surface is smooth and there are only few large dimples. After (ARB + CR +
ageing), the number of large dimples increases, implying that the ductility of sheets
increases, as also shown in Fig. 2(a). For the samples subjected to (ARB + ACR) and
(ARB + ACR + ageing), the change in the ductility is similar to that after (ARB + CR)
and (ARB + CR + ageing). As shown in Fig. 3(d), the number of large dimples is
much more than in the samples shown in Fig. 3(a) to Fig. 3(c). This implies that the
sheets after (ARB + ACR + ageing) have the maximum ductility. The dimples shown
in Fig. 3(d) are also much deeper, which results in further elongation after necking, as

can be seen from the (ARB + ACR + ageing) curve in Fig. 2, compared to the
immediate fracture after necking of the other three samples. Thus, from Figures 2 and
3, it is seen that a combination of ACR and ageing technique can enhance both the
strength and the ductility of ARB-processed AA6061 sheets.
Fig. 3. SEM images of fracture surface of samples after tensile tests: (a) (ARB +
CR); (b) (ARB + CR + Ageing); (c) (ARB + ACR); (d) (ARB + ACR + Ageing).
Fig. 4 shows the microstructure of samples after the different processes. In Fig. 4(a),
the annealed sample shows coarse equiaxed grains with a mean grain size of ~38 m.
After ARB processing, the microstructure morphed into that of a UFG laminate
structure, as shown in Fig. 4(b). With subsequent CR processing, the grain width was
further refined to 175 nm (Fig. 4(c)), and the ageing results in a slight increase to 177
nm, (Fig. 4(d)). Following ACR processing of the ARB-processed sheets, the grain
width was refined to 158 nm (Fig. 4(e)), and the ageing leads to a slight increase to
161 nm, (Fig. 4(f)). Compared to the (ARB + CR) – processed sheets, the grain size is
smaller for the sheets processed by (ARB + ACR). Generally, with a decrease in grain
size for UFG materials, the material strength increases. This agrees well with the
results shown in Fig. 2. In addition, the grain size changes very slightly for the
samples after ageing at 100C for 48 hours. This suggests that the microstructures of
UFG sheets processed by (ARB + CR) and (ARB + ACR) are thermally stable at
temperatures ≤100 C.

Fig. 4. (a) Optical microscope image of sheet before rolling; (b) TEM image of
sample after the fifth ARB pass; TEM images and related grain size distribution
(100 grains) after (c) (ARB + CR), (d) (ARB + CR + ageing), (e) (ARB + ACR)
and (f) (ARB + ACR + ageing).
Fig. 5 shows the XRD results after the different processes. As highlighted in Fig. 5,
compared to (ARB + CR), the fraction of Mg2Si and CuAl2 precipitates increases
slightly after (ARB + CR + ageing). This may result in a slight increase in the strength
and ductility of the sheets. However, for the samples after (ARB + ACR + ageing), it
is obvious that the precipitations of Mg2Si and CuAl2 and Al6Mn increase

significantly compared to the samples after (ARB + ACR). Previous studies have
shown that the precipitations in AA6061 alloy increase the ductility and strength of
the sheets [23, 24]. This finding agrees well with the present study, as seen in Fig. 2.

Fig. 5. XRD results for AA6061 sheets after (a) (ARB + CR), (b) (ARB + CR +
ageing), (c) (ARB + ACR) and (d) (ARB + ACR + ageing).
4. Discussion
Grain size and precipitation(s) affect the mechanical properties of UFG materials.
As shown in Fig. 2, the UFG AA6061 sheets subjected to (ARB + ACR + ageing)
show the highest strength and ductility compared to sheets processed differently.
According to the Hall-Petch equation [31], the strength increases as the grain size
reduces. In this study, the grain size of the samples after (ARB+ACR) is smallest
compared to those after other processes, as shown in Fig. 4. Generally, the strength
and the ductility of UFG materials are conflicting properties [32]: ductility of
materials will generally reduce with higher strength. However, it is difficult to explain
the increase in ductility after (ARB + ACR + ageing). Simultaneous improvement in
both strength and ductility is possible in UFG materials with (1) bimodal structure [26,
33], (2) nanotwinned structure [34], (3) deformed at cryogenic temperatures [14, 16],
and (4) precipitation-hardened alloy [30, 35]. In the present study, we believe that that
the precipitation (Fig. 5) and cryogenic deformation are the main contributions for
enhancing the mechanical properties of UFG AA6061 sheets.
Fig. 5 shows that the density of precipitation of the sample after (ARB + ACR +
ageing) is higher than that after (ARB + CR + ageing). The newly formed
precipitation will contribute to the improvement of ductility and strength. Fig. 3(d)
shows some traces of precipitations in the deeper dimples. Previous research indicates
that ageing of an SPD-processed AA6061 at 100°C for 48 hours can lead to
improvement in the mechanical properties [9, 36]. Rezaei et al [9] found that the
micro-hardness of the ARB-processed AA6061 sheets increased as the ageing time

increased from 0 to 48 hours at 100C, while it reduced with further increase in the
ageing duration to 56 hours. Kim et al [36] studied the microstructural evolution
during ageing of ECAP-processed AA6061 at temperatures from 100°C to 600°C, and
found that ageing at 100C resulted in the best combination of mechanical properties.
There are many investigations on precipitations of AA6061 during ageing [37]. For
samples without plastic deformation, the precipitations occur in the following
sequence: (1) Al super-saturated solid solution (SSSS)  (2) Clusters of Si atoms and
Mg atoms  (3) Dissolution of Mg clusters  (4) Formation of Mg/Si co-clusters 
(5) small precipitates of unknown structure  (6) β″ precipitates  (7) β′/B′
precipitates  (8) β-Mg2Si precipitates [37]. For plastically deformed samples, it is
easier for the precipitates to nucleate and grow on dislocation lines [38]. Compared to
CR, there is an additional shear strain on the sheets during ACR, which results in a
higher dislocation density in the sheets. Thus, ageing of (ARB + ACR)-processed
sheets results in more precipitations in AA6061 sheets. It can be seen in Fig. 5 that the
fraction of Mg2Si precipitates in the sheets is the highest after (ARB + ACR +
Ageing). In addition, during ageing, with an increase in the density of precipitates, a
significant number of dislocations are annihilated, which improves the ductility of the
aged samples. Panigrahi et al [39, 40] studied the mechanical properties and
microstructure of AA6063 after a combined treatment of CR, short-annealing and
ageing. They found that dislocation accumulation and nanosized precipitates are
responsible for enhancing the strength, while nanosized precipitates and a low
dislocation density improve the ductility of the CR-processed AA6063 subjected to an
optimized treatment of short-duration annealing and ageing.
5. Conclusions
(1) Both cryorolling (CR) and asymmetric cryorolling (ACR) can result in enhanced
strength and ductility of AA6061 sheets fabricated using accumulative roll bonding
(ARB). The improvement in the mechanical properties following ACR is higher
than that following CR. The strengths of AA6061 sheets fabricated using ARB,

(ARB + CR) and (ARB + ACR) are 380 MPa, 437 MPa and 454 MPa,
respectively.
(2) ARB-processed AA6061 sheets subsequently subjected to ACR and ageing at
100C for 48 hours show the best mechanical properties due to finer grain size and
higher density of precipitations.
(3) The higher density of precipitations for the aged (ARB + ACR) - processed sheets
is due to the higher dislocation density induced by the additional shear strain
during ACR, compared to (ARB + CR) - processed sheets.
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Fig. 1. Schematic diagram of sheet rolling processes. Step 1: Five ARB passes;
Step 2: Reduction of the thickness of sheets to 0.5 mm using CR or ACR

Fig. 2. (a) Engineering stress-strain curves and (b) micro-hardness of samples
after different processes.

Fig. 3. SEM images of fracture surface of samples after tensile tests: (a) (ARB +
CR); (b) (ARB + CR + Ageing); (c) (ARB + ACR); (d) (ARB + ACR + Ageing).

Fig. 4. (a) Optical microscope image of sheet before rolling; (b) TEM image of
sample after the fifth ARB pass; TEM images and related grain size distribution
(100 grains) after (c) (ARB + CR), (d) (ARB + CR + ageing), (e) (ARB + ACR)
and (f) (ARB + ACR + ageing).

Fig. 5. XRD results for AA6061 sheets after (a) (ARB + CR), (b) (ARB + CR +
ageing), (c) (ARB + ACR) and (d) (ARB + ACR + ageing).

